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ABSTRACT

Geostrophic computations in the wave number domain have been made of the “eddy” kinetic energy, the transfer
of kinetic energy between the zonal flow and the eddies, and the internal redistribution of kinetic energy among the
eddies at 500 mb. An 11-yr record has been inspected for year-to-year variations and the results related to the quasi-

biennial oscillation in the lower stratosphere.

The individual wave numbers indicate significant year-to-year variations in their energy cycle that must be
considered when only short time periods are under study. While no consistent relationship was found between these
variations and the quasi-biennial oscillation, our results suggest that a profitable line of inquiry would be to examine
the annual variations of the vertical transfer of kinetic energy by the pressure-work term at the interface of the

troposphere and stratosphere.

1. INTRODUCTION

While recent diagnostic studies have increased our
knowledge of the tropospheric energy cycle, the evaluation
of these endeavors has, in general, been hampered some-
what by our lack of knowledge of the normal interannual
variability of the energy cycle and how it pertains to the
specific periods under study. Miller et al. (1967) (hereafter
referred to as MWT), for example, have shown that
- marked cyclic variations exist in the tropospheric angular
momentum transports which, in turn, are related to the
transfer of energy to the zonal mean flow from the per-
turbation flow (Lorenz, 1955). This suggests that the
energy cycle as a whole is subject to an interannual
variability that should be considered when data for rela-
tively short time periods are evaluated. At the same time,
since Qort (1964), Miller (1967), Muench (1965), and
Perry (1967) have shown that the transfer of kinetic
energy from the troposphere to the stratosphere is an
important component of the energy budget of the latter
region, the variability may also be important in considera-
tion of the quasi-biennial oscillation in the lower strato-
sphere (Newell, 1964).

The purpose of this study is to illustrate the inter-
annual variability in the tropospheric energy cycle and to
ascertain its relationship with the quasi-biennial oscilla-
tion. As stated in MWT, the daily 500-mb Northern
Hemisphere analyses of the National Meteorological
Center for the 11-yr period Apr. 1, 1955, through Mar. 31,
1966, have been subjected to zonal harmonic analysis
(Saltzman and Fleisher, 1960). Harmonic coefficients of
the geostrophic wind components were determined, and
the kinetic energy, the conversion of kinetic energy

between the zonal flow and the eddies, and the internal
redistribution of kinetic energy among the eddies were
computed in the wave number domain. Monthly mean
values of these quantities form the basis for the present
study.

Also as in MWT, a statistical filter in the form of a
12-mo running mean minus a 24-mo running mean was
applied to the monthly mean data. Its frequency response
is shown in figure 1. While only selected results are pre-
sented here, the previous results of MWT (especially at
low latitudes) indicate that this filter does not force a
biennial oscillation into essentially random data.
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FIrGureE 1.—Ratio of filtered to unfiltered amplitude versus peI.'iod
for 12-mo minus 24-mo running mean filter. X’s represent points
spaced too closely for curve-fitting (after Miller et al., 1967).
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2. LIST OF SYMBOLS

K(n) kinetic energy per unit mass per wave number
P pressure
p,pe:  upper and lower pressures bounding region of
integration
¢1,¢2  southern and northern latitudes bounding region
of integration
a radius of the earth
A longitude measured east from Greenwich
g acceleration of gravity
6 potential temperature
c, specific heat of air at constant pressure
R gas constant
[()] zonal averaging operator defined by
1 27
=5 O
U, eastward and northward components of velocity
n wave number
w individual rate of pressure change, dp/dt
Fourier transform pairs:
Variable U~ 2

Spectral function U V Z

friction force . . .
=——""—""""" in A-direction
per unit mass

friction force . . .
=—"—_ """ in ¢-direction
per unit mass

&,=F(n)G{(—n)+ F(—n)G(n)
Vie=F(n—m)G(—n)+F(—n—m)G(n)
3. BASIC EQUATIONS

Following the development of Perry (1967), the time
rate of change of the “‘eddy’’ kinetic energy per unit mass
of an individual wave number is:
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The first and second terms on the right-hand side of
equation (1) are hereafter represented symbolically by
M(n) and L(n) respectively (Saltzman and Fleisher, 1960).
Now integrating (1) over an arbitrary mass of the
atmosphere of unit pressure difference AP we arrive at:
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where:

term | represents the transfer of kinetic energy from
the zonal mean flow to the eddies;

term II describes the internal transfer of kinetic
energy between wave numbers and is identically equal to
zero when summed over wave numbers 1—o ;

term IIT is the conversion from eddy available potential
energy to eddy kinetic energy as a function of wave
number;

term IV represents the frictional loss;

term Va,b depicts the ‘“vertical” advection of eddy
kinetic energy across the upper and lower boundaries;
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term VIa,b presents the transfer of eddy kinetic energy
across the upper and lower boundaries by the pressure-
work term (e.g. Miller, 1967);

term VITa,b delineates the horizontal advection of eddy
kinetic energy across the southern and northern
boundaries;

term VIIIa,b denotes the horizontal transfer of eddy
kinetic energy across southern and northern boundaries
by the pressure-work term.

As mentioned above, the only terms of equation (2) that
we could investigate in this study were I, II, VIIab
integrated between 22.5°N and 72.5°N and the kinetic
energy per wave number integrated between 17.5°N and
77.5°N. Inasmuch as term V1Ia, b, was found to be about
an order of magnitude less than the other terms, dis-
cussion of its interannual variability is reserved till a
later seetion when the relationship of the measured terms
to the total kinetic energy budget is discussed.

While calculations were made for individual wave
numbers 1-6 (the upper limit of n=6 was determined by
the results of MWT) and for the sum of waves 1-15, the
ensuing discussion centers on the analysis of the following
four components:

) 3 M@); 3 K@) (fig. 3)
B) 2 (L+M) ; K(n) n=1 {fig. 4)
C) z (L+M) ; K(ny n=2 (fig. 5)
D) = (L+M) ; K(n) n=6 (fig. 6)

The reasons for isolating these particular components
lie in the fact that we were interested not only in deter-
mining the variability of the energy cycle in the tropo-
sphere but also in seeking a possible relationship of this
variability with that of the lower stratosphere.

Term A includes the transfer of kinetic energy from the
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mean zonal flow to the eddies and has been shown to vary
significantly from year to year (e.g., Julian and Labitzke,
1965, Wiin-Nielsen, Brown, and Drake, 1964, and Wiin-
Nielsen, 1967).

Wave number 1 (term B) is considered because of the
existence of the dominant wave one pattern in the strato-
sphere during the winter months (e.g., Staff, Upper Air
Branch, 1967). Of course, this presupposes that an energy
transfer mechanism between the troposphere and strato-
sphere exists on this scale, but the recent work of Perry
(1967) suggests this to be the case. This point is being
investigated further.

Wave number 2 (term C), on the other hand, is included
because the results of Saltzman and Teweles (1964)
indicate that motion of this scale acts as a source of kinetic
energy both for the zonal flow and for the other waves.
This, in turn, indicates a strong forced conversion on the
scale of the major continents and oceans. At the same time
wave two is the dominant mode during the stratospheric
suddén-warming phenomenon (Finger and Teweles, 1964).

Wave number 6 (term D) is included as a typical
example of the “medium” wavelength, baroclinic waves
that are sources of kinetic energy (e.g., Saltzman and
Teweles, 1964) for both the zonal flow and for the other
waves.

By emphasizing these particular components we do not
mean to imply that the other wave numbers do not exhibit
substantial interannual variability. Rather, it is simply
that waves 3—5 generally indicated less coherence with the
stratospheric quasi-biennial cycle (hereafter referred as
SQB) than those presented and their depiction was deleted
for the sake of brevity.

4. DISCUSSION

Inasmuch as a major objective of this study is to com-
pare the tropospheric energy variability with the quasi-
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Fieure 2.—Monthly averaged zonal winds (m sec -') at 10 mb for Balboa, Canal Zone, and Ascension Island. Positive winds are from the
west (after Quiroz and Miller, 1967).
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Figure 3—Twelve-month minus 24-mo running mean of the monthly average kinetic energy exchange, E M(n) (solid line), and of the

15

n=1

monthly average kinetic energy, Z K{(n) (dashed line), summed over wave numbers 1-15. Units: M(n), 10! ergs (sec-mb)~1; K(n), 1020
n=1

ergs (mb)~1.

biennial oscillation as observed in the lower stratosphere,
it is convenient to describe the latter feature first. Figure 2
presents the monthly mean values of the 10-mb (=30 km)
zona] wind component from January 1958 through August
1966 at Balboa, Canal Zone (08°56'N, 79°34’W), and Ascension
Island (07°59'S, 14°25'W). As the details of this diagram
have been discussed by Quiroz and Miller (1967), suffice
it to say at this point that through about 1961 the cyclic
behavior of the zonal wind field was fairly regular with
easterlies generally propagating downward in the even-
numbered years and westerlies in the odd-numbered years
(Reed, 1965). In 1962, however, there began a disruption
of the cyclic behavior leading to an extended period of

westerly winds at 10 mb (fig. 2) and continued easterly
flow at lower altitudes (Reed, 1965). It was not until late
1963 that the westerly winds propagated downward, after
which the cyclic nature was restored.

Figure 3 presents the filtered time series of the sum over
wave numbers 1--15 of the transfer of kinetic energy from
the zonal flow to the eddies and of the eddy kinetic energy
itself (positive value of M(n) implies a positive value of
0K (n)/0t).

While large year-to-year variations are apparent in both
time series, there does not seem to be any definite relation-
ship with the quasi-biennial cycle (fig. 2). For example,
in 1959 and 1960 the perturbations in the M and K terms
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Freure 4—Twelve-month minus 24-mo running mean of the monthly average kinetic energy exchange, Z(L+4 M) (solid line), and of the
monthly average kinetic energy, K(n) (dashed line), for wave number 1. Units: (L4 M), 10! ergs (sec-mb)~1; K(n), 102 ergs (mb)-1.

are in phase with SQB, but the situation is confused before
and after these times.

Also of interest is the fact that while the total kinetic
energy variation is generally in phase with the zonal-eddy
exchange, the magnitude of its change is generally too
small for the two terms to balance,

e.g., 600> 102° ergs/mb=238.58X 10"* ergs

6 mo mb-sec

Indeed, in some instances the variations are even oppo-
sitely directed. The magnitude of the perturbations of the
M term is only about 15 percent of the yearly average
determined by Saltzman and Teweles, but as will be
shown below this is due mainly to the fact that the M
terms, as measured by Saltzman and Teweles for each

wave number, are in the same direction and hence addi-
tive. For an individual wave number, the amplitude of
the oscillation is of the same order of magnitude as
Saltzman and Teweles’ yearly mean values (as certain
previous investigators’ results are presented in units of
ergs/cm?sec-mb, it is noted for purposes of comparison
that the area of integration in this study, 22.5-72.5°N,
Is ~1.46 X 10'8 cm?).

Figure 4 presents the filtered time series of the =(L--M)
and K terms for n=1. The former quantity was plotted
as the sum of the terms rather than individually, because
earlier separate analyses (not shown here) indicated that
phase differences between them were such that meaningful
interpretation with respect to the total energy variability
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FicurE 5.—Same as figure 4 for wave number 2.

could be made only by considering the two terms to-
gether. As a general rule, the value of L(n) tended to be
several times larger than M(n) (Saltzman and Teweles,
1964).

As in figure 3, there are significant year-to-year varia-
tions in the energy transfer terms (note particularly the
major peaks in 1960 and 1961), but also as in the previous
example, there is little definite relationship with the SQB.
The value K(1), in general, follows the variations of
Z(L+M), but the changes are again too small for a
balance to occur.

The variability of Z(L+M) for wave number 2 as
depicted in figure 5, on the other hand, is, up to a point,
far more regular in nature and displays an interesting
relationship with K(2). From 1956 through the early part

of 1962, significant variations of Z(L+4AM) occur whose
amplitude is about one-half that of the yearly mean
(Saltzman and Teweles, 1964) and which exhibit a marked
negative phase relationship with the SQB. From 1962
through 1965, while large interannual variations still per-
sist, the phase relationship is unclear, and a longer record
is required before one can determine if the previous phase
relationship reestablishes itself.

At the same time, it is interesting to note that from
1956 through early 1959, the K(2) and Z(L+M) terms
are opposite in phase, which means that other terms in
equation (2) are overcompensating for the Z(L+ M) terms.
While the variations of the two terms become more co-
herent after 1959, the changes of K(2) are still too small
for balance to occur.
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The results for wave number 6 are presented in figure 6,
and in contrast to the results for wave 2 indicate a gen-
erally positive phase relationship with the SQB. The major
discrepancies, which occur in 1962 and 1964-65, are due
to the extended positive variations in the energy terms.
Once again, however, we must await an extended data
sample to determine if the phase relationship becomes
coherent again. The value of K(6) is generally small and
shows little association with the Z(L+ M) terms.

5. FINAL REMARKS

While we were able to measure only three of the eight
forcing function terms in the eddy kinetic energy balance
equation (2), qualifying remarks can be made about
several of those remaining. Term V, for example, has

been estimated by Jensen (1961) and Miller (1967) and
determined to be about an order of magnitude smaller
than term VI. Therefore, if we assume that this magnitude
difference is not a result of a cancellation effect between
the different wave numbers for the former term, then
term V may properly be neglected. Term VII, on the other
hand, under the geostrophic approximation is identically
equal to zero. Therefore, since we have already remarked
on the relatively small magnitudes of term VII and the
time rate of change of the kinetic energy, approximate
balance must occur between terms I, I, ITI, IV, and V1.
Unfortunately, the measurement of terms III, IV, and VI
was beyond our capability at this time and we must
confine our discussion to their sum balanced against the
sum of the measured terms, I and II.
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Our results indicate that while the variation of total
exchange of kinetic energy is generally about 15 percent
of the yearly average, this is a result of the additive
nature of the yearly mean values. The individual wave
numbers indicate significant year-to-year variations that
must be considered when only short time periods are
under study. Similarly, the sum of the frictional dissipa-
tion conversion from potential to kinetic energy and
pressure work terms must approximately balance the
measured terms and must, therefore, exhibit similar
interannual variations.

We, of course, cannot state how these terms vary
individually and this leads to the second purpose of this
study: to determine if a relationship exists between the
energetics of the troposphere and the stratospheric quasi-
biennial cycle. Unfortunately, the results of our analysis
were inconclusive on this point, possibly because of the
lack of vertical resolution. At the same time, however,
the fact that large interannual variations in the energy
cycle at 500 mb were found to exist suggests that a profit-
able line of inquiry would be to examine the annual
variations of the pressure-work term as a function of wave
number at the interface of the troposphere and strato-
sphere. If, at the same time, we consider that the scale
of motion in the stratosphere is generally constrained to
the lower wave numbers (Perry, 1967, Teweles, 1963),
then our results suggest that particular emphasis should
be placed on an examination of the energy variation of
wave number 2. The feasibility of such an endeavor is
being investigated.
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